Energy transfer (ET) between B850 and B875 molecules in light harvesting complexes LH2 and LH1/RC (reaction center) complexes has been investigated in membranes of Rhodopseudomonas palustris grown under high-and low-light conditions. In these bacteria, illumination intensity during growth strongly affects the type of LH2 complexes synthesized, their optical spectra, and their amount of energetic disorder. We used a specially built femtosecond spectrometer, combining tunable narrowband pump with broadband white-light probe pulses, together with an analytical method based on derivative spectroscopy for disentangling the congested transient absorption spectra of LH1 and LH2 complexes. This procedure allows real-time tracking of the forward (LH2 → LH1) and backward (LH2 ← LH1) ET processes and unambiguous determination of the corresponding rate constants. In low-light grown samples, we measured lower ET rates in both directions with respect to high-light ones, which is explained by reduced spectral overlap between B850 and B875 due to partial redistribution of oscillator strength into a higher energetic exciton transition. We find that the low-light adaptation in R. palustris leads to a reduced elementary backward ET rate, in accordance with the low probability of two simultaneous excitations reaching the same LH1/RC complex under weak illumination. Our study suggests that backward ET is not just an inevitable consequence of vectorial ET with small energetic offsets, but is in fact actively managed by photosynthetic bacteria.
Energy transfer (ET) between B850 and B875 molecules in light harvesting complexes LH2 and LH1/RC (reaction center) complexes has been investigated in membranes of Rhodopseudomonas palustris grown under high-and low-light conditions. In these bacteria, illumination intensity during growth strongly affects the type of LH2 complexes synthesized, their optical spectra, and their amount of energetic disorder. We used a specially built femtosecond spectrometer, combining tunable narrowband pump with broadband white-light probe pulses, together with an analytical method based on derivative spectroscopy for disentangling the congested transient absorption spectra of LH1 and LH2 complexes. This procedure allows real-time tracking of the forward (LH2 → LH1) and backward (LH2 ← LH1) ET processes and unambiguous determination of the corresponding rate constants. In low-light grown samples, we measured lower ET rates in both directions with respect to high-light ones, which is explained by reduced spectral overlap between B850 and B875 due to partial redistribution of oscillator strength into a higher energetic exciton transition. We find that the low-light adaptation in R. palustris leads to a reduced elementary backward ET rate, in accordance with the low probability of two simultaneous excitations reaching the same LH1/RC complex under weak illumination. Our study suggests that backward ET is not just an inevitable consequence of vectorial ET with small energetic offsets, but is in fact actively managed by photosynthetic bacteria.
bacteriochlorophylls | ultrafast spectroscopy P urple bacteria are anaerobic photosynthetic prokaryotes that constitute excellent model systems for investigating the basic mechanisms of photosynthetic light harvesting (1) . On the one hand, there is a very large amount of structural information from X-ray crystallography, with resolution down to the atomic scale (2-4); on the other hand, unlike in plants, there is a very clear separation between the absorption spectra of the different pigment groups (5, 6) , making it easy to study the cascade of energy transfer (ET) processes funneling the excitation to the photosynthetic reaction center (RC). The photosynthetic unit (PSU) of purple bacteria, such as Rhodopseudomonas acidophila, is made up of two light-harvesting (LH) pigment-protein complexes, called the LH2 and the LH1/RC core complex (see Fig. 1A ). Both these complexes are constructed from similar building blocks, consisting of oligomers of low molecular weight, hydrophobic apoproteins (called α and β), which noncovalently bind a small number of bacteriochlorophylls (BChl a, in the following referred to as BChl) and carotenoids. In the LH2 complexes, there are both monomeric BChls, with the Q y transition at 800 nm (B800), and a ring of tightly coupled BChls, which form an excitonic band absorbing at 850 nm (B850). The LH1/RC complex only has the tightly coupled BChls, with excitonic transition at 875 nm (B875).
The energetic offsets of the respective exciton resonances ensure efficient vectorial forward ET from LH2 to LH1, and from the LH1 toward the RC (7). However, because the offset between B850 and B875 is only around 40 meV, backward ET from LH1 to LH2 is also possible. Both forward and backward ET processes are indicated in Fig. 1A with respective rates k F and k B .
In the PSU, LH2 complexes surround the LH1/RC complexes in a two-dimensional network, the size and composition of which is controlled by a range of environmental conditions, including oxygen tension, incident light intensity, and light quality (8) (9) (10) . In the case of the most studied purple photosynthetic bacterium Rhodobacter sphaeroides, the LH complexes and RCs are only synthesized when the oxygen tension is below a critical value (11, 12) . Then if cells are grown at high light intensities, the PSU is dominated by LH1/RC core complexes (13, 14) . If the light intensity is reduced, the size of the PSU is increased by the addition of LH2 complexes (8) . A comparison of cells grown at high light (HL) and low light (LL) intensities reveals that both the number of PSUs per cell and their size increase as the incident light intensity is reduced (8, 15) . This adaptation to lower light intensities clearly enhances the cells' ability to absorb incident photons in an attempt to minimize the effect of decreasing light intensity on growth.
Other species, such as R. acidophila and Rhodopseudomonas palustris, containing a multigene family of genes encoding the α-and β-apoproteins of the LH2 complexes (16, 17) , show an additional response to LL intensities. In both these species, the light intensity also controls which members of the LH2 multigene family are expressed, so that different spectroscopic forms of LH2 are synthesized at LL and HL, with different apoprotein compositions (18, 19) . In LL, R. acidophila develops a 800-820 complex toward which there is less backward ET, allowing the species to better sustain their growth under reduced illumination (20) . In R. palustris the HL form of LH2 has its major near-infrared absorption band at 850 nm, whereas in the LL form, this band has a strongly reduced intensity and is slightly blue shifted (21) . Previous studies have suggested that the lower cross-section of absorbance at 850 nm might result in reduced backward ET from LH1 and that this could allow for an increased probability of successful trapping of the excitation by the RC at low illumination (22, 23) .
In the present study, we address the fundamental problem of understanding what selective advantage the acquisition of the LL LH2 complex might give to R. palustris. To answer this question, we set out to track the real-time evolution of the relative excited state population densities in LH2 and LH1 following selective photoexcitation. We use a specially designed femtosecond pumpprobe spectrometer, combining tunable narrowband pump with broadband white-light probe pulses, and introduce an analytical method based on derivative spectroscopy for disentangling the congested transient absorption spectra of LH1 and LH2 complexes. In previous femtosecond studies (24, 25) , the contributions of forward and backward ET to the observed LH2 ↔ LH1 equilibration dynamics could not be resolved, and therefore information on backward ET has only been obtained in an indirect and qualitative manner (20, 26, 27) . With our approach, we are able to track the equilibration dynamics, determine both forward and backward ET rate constants, and quantify the final population equilibrium between B850 and B875 excitons (see Fig. 1 ). We observe that LL samples have lower ET rates in both directions with respect to HL ones, explained by reduced spectral overlap between B850 and B875 due to partial redistribution of oscillator strength into a higher energetic exciton transition. We find that the LL adaptation in R. palustris leads to a reduced elementary (i.e., between individual LH complexes) backward ET rate, in accordance with the low probability of two simultaneous excitations reaching the same LH1/RC complex under weak illumination. Our study suggests that backward ET is not just an inevitable consequence of vectorial ET with small energetic offsets, but is in fact actively managed by photosynthetic bacteria to adapt to changing illumination conditions.
Results and Discussion
Ground-State Absorption Spectra. Ground-state absorption spectra of suspensions of HL(LL)-grown photosynthetic membranes from R. palustris are shown in Fig. 2 A and B. They are characterized by a relatively sharp absorption band at 1.55 eV and a broad absorption band from 1.35 to 1.5 eV. In agreement with previous work (23) , the spectra of LH2 complexes of LL membranes were modeled by a superposition of a sharp band at 1.55 eV, assigned to the B800 chromophores, and broader bands at 1.45 and 1.53 eV, associated to the low-energy (LE) and highenergy (HE) excitons of the B850 rings, respectively; in the HL bacteria, the HE exciton is only weakly coupled to the ground state. The B875 rings from LH1 contribute to the low-energy part of the absorption band around 1.4 eV. This spectral congestion complicates the assignment of the different bands, that we modeled by Voigt profiles. We first obtained their widths with high accuracy fitting the second derivatives of the spectra (see Materials and Methods). Then we fitted the spectra in Fig. 2 using as free parameters the spectral weights and the center positions, with the ratio B800∕ðB850LE þ B850HEÞ fixed to 0.544, which is the value found in isolated HL-grown LH2 complexes (SI Text). We find that in HL(LL) samples the LH2 complexes contribute for 51%(64)% of the spectral weight, confirming the wellknown fact that, under LL conditions, the ratio LH1∶LH2 in R. palustris is significantly shifted toward LH2 (28) . An increasing contribution of LH2 complexes in membranes isolated from this bacterial species grown at LL conditions has also been visualized by atomic force microscopy (15) .
Transient Absorption Spectra of Membranes. The time-resolved experiments were performed on photosynthetic membranes with closed RC, because the concomitant suppression of ET from B875 to the RC increases the lifetime of the B875 exciton, facilitating the study of backward ET (for details see SI Text). after pumping with pulses centered at 1.44 and 1.385 eV photon energy, predominantly resonant with the B850 of LH2 and the B875 of LH1, respectively (see also Fig. 2B ). The differential absorption (ΔA) spectra are characterized by a negative band around 1.385 eV and a positive band of similar strength around 1.45 eV. These bands are attributed to the superposition of the photobleaching (PB) of the B875 and B850 excitons and of their photoinduced absorption (PA) due to exciton-to-biexciton transitions.
In order to assess rate constants for LH2 ↔ LH1 ET processes, we need to extract the relative population of the B850 and B875 excitons as a function of time. This extraction is complicated by the energetic congestion of the LH1 and LH2 transitions, which are only 40 meV apart. The spectral separation can be greatly enhanced by plotting the first derivatives of the ΔA spectra, dðΔAÞ∕dω, as explained in detail in Materials and Methods. We note that, because the numerical derivative process increases the noise in the spectra, this analysis is only made possible by the very high signal-to-noise ratio of our optimized broadband pump-probe system. Fig. 3 B and D display the first derivatives of the ΔA spectra in Fig. 3 A and C, respectively, normalized to the B875 peak. We find that the first derivatives clearly show maxima at 1.41 and 1.45 eV, precisely at the peaks of the B875 and B850 excitonic transitions, whose relative weight changes with pump-probe delay.
When pumping at 1.44 eV (Fig. 3B) , we find that the population initially resides predominantly on B850, confirming our selective pumping condition. The spectral weight then shifts to B875, indicating forward B850 → B875 ET, within a few picoseconds, a timescale comparable to similar systems (24, 25) . However, even after 350 ps, a considerable amount of B850 population remains, indicating a backward B850 ← B875 ET, leading to a stationary B850∕B875 ratio after an equilibration dynamics.
When pumping at 1.385 eV (Fig. 3D) , we observe that the population resides predominantly on the B875, with very little spectral evolution over time. When zooming into the B850 region at 1.45 eV (see Fig. 3D , Inset), we find that there is a slight increase of the relative B850 population on an approximately 10 ps timescale, again indicating a backward ET. Note that an increase of the relative B850 population can alternatively be explained by a higher annihilation rate in B875 than in B850. We can exclude this scenario, because (i) we quantified annihilation in both HL and LL samples, and found it to influence the early dynamics of HL samples (where mainly B850 is populated), whereas it is negligible in LL samples (see SI Text); (ii) we observe a constant long-time B850∕B875 population ratio. Note that the spectral shapes of Fig. 3 B and D at 80 ps (cyan curves) clearly differ from each other, meaning that, after pumping at 1.44 and 1.385 eV, equilibria are reached that differ in the ratio B850∕B875. We generally observe this effect in LL samples but not in HL samples, which points to inhomogeneous broadening of the B875 exciton in the LL samples.
Forward and Backward ET Rate Constants. In Fig. 4 A and C, we show as data points the first derivatives of the ΔA spectra of HL and LL samples, respectively, pumped at 1.44 eV. The fits (solid lines), according to the multi-Voigt analysis described in Materials and Methods, reproduce the experimental data without systematic deviations, at all time delays. The resulting time-dependent spectral weights, which are proportional to the populations of B850 and B875 excitons, are shown as data points in Fig. 4 B and D for HL and LL samples, respectively. The availability of time-dependent populations of B850 and B875 exciton allows the direct time-domain extraction of the rates for both the forward (B850 → B875) and backward (B850 ← B875) ET processes (k F and k B , respectively; see Fig. 1A ). We use the following kinetic model for the excitonic populations (see Fig. 1B ):
where k D is the B875 deactivation rate and k A accounts for B850 deactivation by bimolecular exciton annihilation (see SI Text).
The resulting fits are shown in Fig. 4 B and D as solid lines, and the corresponding rates are summarized in Table 1 . We can draw the following conclusions: (i) for both HL and LL samples, the ratio k F ∕k B is close to two; (ii) for LL samples, both k F and k B are a factor of two smaller than in HL samples; (iii) in both samples, k F and k B do not depend on the pump photon energy.
Discussion
Our results can be put in the context of previous ultrafast spectroscopy studies, which have probed the dynamics of both intraand intercomplex ET processes within the PSU (29) (30) (31) (32) . It was found that B800 → B850 ET in the LH2 proceeds with a time constant of approximately 1 ps, with virtually no backward ET (33) . Exciton hopping between B850 rings of different LH2 complexes occurs with an approximately 10 ps time constant. The LH2 ↔ LH1 ET dynamics, which is the focus of the present paper, has been studied comparatively little. Although LH2 → LH1 forward ET has been studied in membranes of R. sphaeroides (24, 25) , none of these studies observed the LH2 ← LH1 backward ET in the time domain, even following selective pumping of the B875. Backward ET has been studied only by indirect methods, such as the change in photoluminescence from B850 upon chemically modifying B875 (20, 26, 27) . Although these studies clearly showed backward ET to occur, they did not provide the respective rate constants and the equilibration dynamics. The LH2 ↔ LH1 ET rates have been derived theoretically on the basis of the atomic-level structures of the pigment-protein complexes in Rhodospirillum molischianum and of an effective Hamiltonian for intracomplex excitations (34) . A forward LH2 → LH1 ET rate k F ¼ 1∕7.7 ps −1 and a backward LH2 ← LH1 ET rate k B ¼ 1∕15.5 ps −1 were calculated, in remarkably good agreement with our experimental data for the HL membranes (see Table 1 ).
To get a deeper insight in the LH2 ↔ LH1 equilibration dynamics, it is instructive to plot (see Fig. 5 ) the relative B850 population rðtÞ ¼ B850ðtÞ∕½B850ðtÞ þ B875ðtÞ, which directly shows the interplay between forward and backward ET leading to the establishment of an equilibration. In the hypothesis k F , k B ≫ k D , and k A ≈ 0, which is reasonably well satisfied in our case, Eq. 1 can be analytically solved to give
where r 0 ¼ rð0Þ is the initial value, and r ∞ ¼ k B ∕ðk F þ k B Þ is the equilibrium value, which can be higher or lower than r 0 according to the pumping conditions. In this approximation, the rate for the equilibration process is the sum of the forward and backward ET rates. Fig. 5 indicates that an equilibration between B850 and B875 is indeed established at long times. The presence of this equilibrium shows the absence of any significant amount of isolated LH2 complexes without ET pathways toward LH1. Excitons on such isolated LH2 complexes could only decay with the intrinsic lifetime of B850 excitons, which is much longer than that of B875 (23), and therefore rðtÞ would continuously increase rather than becoming constant. Fig. 5 shows that r 0 depends strongly on the pump photon energy. We were able to vary r 0 from below 0.2 (pumping at 1.385 eV, predominantly exciting B875) to about 0.6 (pumping at 1.48 eV, predominantly exciting B850). All relative B850 populations reach a constant final ratio r ∞ of approximately 0.35 after tens of picoseconds, irrespective of the pump photon energy, except for the LL sample pumped at 1.385 eV (see below). This value for r ∞ means that any given exciton dwells for about 65% of its lifetime on the LH1 complex where the photosynthetic RC is located, ready to accept the energy after being reduced again, and where charge separation can take place.
Note that the values for k F and k B , as obtained from Eq. 2, are ensemble rate constants, which are related to the elementary rate constants by considering the probability of transfer events, which depends on the relative abundance LH2 : LH1. Considering the fact that, in LL samples, the ratio LH2 : LH1 is much higher than in HL samples (about 1∶1 and 2∶1 for HL and LL, respectively, as obtained from the respective spectral weights in Fig. 2) , one would expect the corresponding r ∞ to be higher because the LH1 is surrounded by more LH2s, which could receive the backtransferred excitation. The fact that we observe, within the experimental error, the same r ∞ in HL and LL samples, means that the ratio of the elementary rate constants in LL membranes is clearly shifted toward forward ET, strongly reducing backward ET. This effect can be explained straightforwardly by reduced spectral overlap between B850 and B875 in LL compared to HL samples, caused by a "splitting" (partial redistribution of oscillator strength) of the B850 exciton resonance into two bands at 1.45 (B850LE) and 1.53 eV (B850HE), respectively (23), having similar spectral weights. Note that the presence of backward ET in HL samples is a clear advantage for efficient photosynthesis because it avoids exciton trapping on B875 sites with momentarily oxidized RC (because of a charge transfer event that occurred a short time before the second exciton arrived). The exciton has thus the opportunity to "try" a different LH1 complex. Because this scenario is much less probable under LL conditions, backward ET is less important in LL samples. Finally, by direct comparison of the solid lines in Fig. 5 A and B, we note that, in the LL-grown bacteria, the equilibration dynamics is about two times slower than for the HL samples, because both the k F and k B rates are reduced.
The final relative B850 population r ∞ reached for the LL sample pumped at 1.385 eV is clearly lower than the values reached for the other pump photon energies and for the HL grown bacteria. This effect is also clearly visible in Fig. 3D , where (see inset) upon pumping at 1.385 eV, the signal in the 1.45 eV region normalized to the signal at 1.405 eV (thus indicating the B850 population relative to the B875 one) at long time delays is much weaker than that in Fig. 3B , relative to the same LL sample with excitation at 1.44 eV. This observation can be explained by the presence in the LL membranes of a higher disorder (23) and a lower B850 → B850 ET rate in comparison to HL membranes, as confirmed by exciton annihilation measurements (see SI Text). As indicated by the left gray-shaded area in Fig. 2B , the 1.385 eV pump photon energy is located in the red edge of the B875 band: In the presence of disorder, a subset of red-shifted excitons will be excited, thus reducing the backward ET due to the increased energy gap. This increased energy gap leads to an equilibrium strongly on the side of the B875, in agreement with the lower r ∞ value that we find. In contrast, when pumping resonantly the B850 excitons, the equilibrium will take place with the most abundant B875 moieties, for which r ∞ is about 0.35. In HL samples, r ∞ ¼ 0.35 is reached in all experiments, even for excitons that have been created on a low-energetic B875 moiety (blue diamonds in Fig. 5A ). The independence of r ∞ in HL membranes on the pumping conditions cannot be attributed to a reduced disorder (23) . It can be most probably assigned to excitation memory loss accomplished by exciton migration from one LH1 to the other, mediated by B850 ← B875 backward ET and multiple hopping steps between B850s on adjacent LH2s. This process is considerably reduced in LL membranes, as demonstrated by the strong dependence of r ∞ on the pump energy. The excitation memory is thus conserved during the full exciton lifetime in LL membranes. This striking difference between HL and LL membranes can be rationalized by a lower rate of B850 ↔ B850 transfer (demonstrated by reduced exciton annihilation in LL samples, see SI Text) and by a higher average distance between LH1 complexes, due to the high abundance of LH2 complexes in LL membranes. We therefore can conclude that an exciton created on an LL membrane typically "sees" only one LH1/RC complex in its lifetime. This conclusion agrees with the above notion that, under LL conditions, a transfer to a different LH1/RC complex is rarely necessary, because the probability that a certain RC is still oxidized, is very low.
In conclusion, we have presented a time-domain study of LH2 ↔ LH1 forward/backward ET processes in membranes of the purple bacterium R. palustris. Broadband femtosecond TA spectroscopy with tunable narrowband pump pulses, in combination with an analysis method based on the derivatives of the TA spectra, gave access to time-resolved populations of B850 and B875 excitons. We demonstrated that the initial populations of B850 and B875 excitons, resonantly excited by the pump pulse, undergo equilibration toward a stable relative population, within tens of picoseconds. The separate observation of both equilibration dynamics and equilibrium allows us to obtain reliable rate constants for both forward and backward ET directly in the time domain, under various experimental conditions. This analytical method can be applied to a broad range of samples; in particular, it will be interesting to characterize the light-harvesting performance of artificial photosynthetic devices obtained by assembling natural antenna complexes on surfaces with engineered architectures (35) (36) (37) , in view of their optimization.
We found that LL samples of R. palustris have reduced ET rates in both directions, explained by reduced spectral overlap due to partial redistribution of oscillator strength into the highenergy B850 band at 1.53 eV. We observe that, after reaching equilibrium, the average dwelling time of any exciton on the LH1 complex is about 65%, even in LL complexes where the average ratio LH1:LH2 is only 1∶2, meaning that the elementary backward ET process is strongly reduced in LL samples relative to HL ones. Moreover, we found that backward ET in the case of LL samples does not mediate a transfer among different LH1 complexes because it is not needed due to the weak illumination.
Our study indicates that backward ET is not just an inevitable consequence of vectorial ET with small energetic offsets, but in fact is managed actively by biological systems, in dependence of illumination intensity, in order to avoid exciton trapping if necessary. This peculiar behavior of R. palustris poses the question: Why did purple bacteria develop strategies for low light adaptation that vary so strongly in complexity? At present there is no definitive answer to this question. However, it is reasonable to suggest that these differences reflect the selection pressures that each species experiences in its particular habitat. Interestingly, some species of purple photosynthetic bacteria only have LH1 (e.g., Rhodospirillum rubrum), whereas others only have a single type of LH2 (e.g., R. sphaeroides). Both these types of bacteria grow successfully in the wild. Nobody has yet tried to investigate their relative competitiveness in different ecological niches as a function of the complexity of their photosynthetic apparatus, however, this would be a very interesting study.
Materials and Methods
Sample Preparation. Cells of R. palustris strain 2.1.6 were grown anaerobically in C-succinate medium at 30°C at 220 (10) lux for HL (LL) conditions, harvested by centrifugation, then resuspended and homogenized. The resuspended cells were broken using a French press and the membranes were purified. In this work, we show results obtained with membranes containing closed RCs. In these samples, the energy transfer from B875 toward the RC cannot occur, which leads to an increased B875 lifetime, facilitating the observation and quantification of the equilibrium population ratio B850∕B875. Nevertheless, we performed all experiments also with open RC, and confirmed the conclusions obtained from the samples with closed RC. All details of the procedures are given in the SI Text.
Ultrafast Spectroscopy. We have designed a special TA setup, which combines a tunable narrowband pump pulse, to enable selective excitation of the different chromophores in the membranes, with a broadband probe pulse. The system starts with an amplified Ti:sapphire laser system (1 kHz, 150 fs, 500 μJ) at the fundamental wavelength (FW) of 780 nm. The near-IR portion (λ > 800 nm, selected by a long-pass filter) of a white-light continuum (WLC), generated in a 1-mm-thick sapphire plate, is used as the probe pulse. An optical parametric amplifier (OPA), generating narrowband (ca. 10 meV FWHM) pulses, tunable from 820 nm (1.51 eV) to 1,050 nm (1.18 eV), is used to pump the membranes. The OPA is pumped by the second harmonic (SH) of the Ti:sapphire, generated in a 3-mm-thick ß-barium-borate (BBO) crystal. The limited acceptance bandwidth of the thick BBO crystal ensures a narrow bandwidth of the pump pulses. The seed pulses, obtained by WLC generation in a 2-mm-thick sapphire plate, are chirped by a 1-cm-thick ZnSe plate, which introduces a group delay of approximately 3 ps between the 800 and 1,050-nm wavelengths, ensuring that only a nearly monochromatic portion of the broadband seed is temporally overlapped with the pump. Pump and seed are superimposed in a 2-mm-thick BBO crystal. The narrow linewidth of the SH pump pulse ensures the generation of approximately 10-meV bandwidth pulses, with 500-nJ energy, tunable in the 1.25-to 1.5-eV range by changing the delay between pump and seed.
Pump and probe pulses, synchronized by a delay line, are focused on the sample in a noncollinear geometry, and the transmitted probe is dispersed in a spectrometer with single-shot detection capability at the full 1-kHz laser repetition rate (38) providing a sensitivity of ΔA at approximately 10 −5 . Both these characteristics are essential for our data analysis method (see below). In order to minimize exciton-exciton annihilation, while still maintaining a signal-to-noise level sufficient for processing the TA spectra, we limited the pump pulse fluence to below 6 μJ∕cm 2 (20) . The overall time resolution of the setup is about 200 fs.
Data Analysis. The spectral decomposition of TA spectra of photosynthetic membranes is complicated by strong spectral overlap of a multitude of PB and PA features. Here, we circumvent these difficulties by extending derivative spectroscopy, a well-known concept in continuous wave spectroscopy of multicomponent systems (39) , to time-resolved studies. The full procedure and justification is given in the SI Text. In short, derivative spectroscopy exploits the fact that a second derivative of any symmetric bell-shaped function (Gaussian, Lorentzian, etc.) peaks at the same spectral position as the original function, but with significantly reduced bandwidth, strongly enhancing spectral separation. Because in large aggregates the energetic offset between the excitonic PA and PB bands is much lower than the width of both bands (40) , their TA spectrum can be very well approximated by the first derivative of the ground-state absorption spectrum, ΔA≅Aðω − ω 0 − ΔωÞ − Aðω − ω 0 Þ≅ − dA∕dω · Δω. In the SI Text, we show that this is the case for isolated LH2 complexes. Consequently, first derivatives of the TA spectra are to the first approximation equivalent to second derivatives of the ground-state absorption spectra, dðΔAÞ∕dω≅ − d 2 A∕dω 2 · Δω. The concomitant increased spectral resolution allows for direct observation of the populations of the B850 and B875 moieties and of their forward and backward ET dynamics. For this reason, we used dðΔAÞ∕dω spectra, rather that the ΔA spectra, for kinetic modeling (see SI Text).
